Screen-Printed Carbon Electrodes Modified by Rhodium Dioxide and Glucose Dehydrogenase by Polan, Vojtěch et al.
SAGE-Hindawi Access to Research
Enzyme Research
Volume 2010, Article ID 324184, 7 pages
doi:10.4061/2010/324184
Research Article
Screen-PrintedCarbon ElectrodesModiﬁedby Rhodium Dioxide
and Glucose Dehydrogenase
Vojtˇ echPolan,Jan Soukup,andKarelVytˇ ras
Department of Analytical Chemistry, Faculty of Chemical Technology, University of Pardubice, Studentsk´ a 573,
532 10 Pardubice, Czech Republic
Correspondence should be addressed to Karel Vytˇ ras, karel.vytras@upce.cz
Received 3 June 2010; Accepted 15 December 2010
Academic Editor: Raﬀaele Porta
Copyright © 2010 Vojtˇ ech Polan et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
The described glucose biosensor is based on a screen-printed carbon electrode (SPCE) modiﬁed by rhodium dioxide, which
functions as a mediator. The electrode is further modiﬁed by the enzyme glucose dehydrogenase, which is immobilized on the
electrode’s surface through electropolymerization with m-phenylenediamine. The enzyme biosensor was optimized and tested in
model glucose samples. The biosensor showed a linear range of 500–5000mg L
−1 of glucose with a detection limit of 210mg L
−1
(established as 3σ) and response time of 39 s. When compared with similar glucose biosensors based on glucose oxidase, the main
advantage is that neither ascorbic and uricacids nor paracetamol interferemeasurements with this biosensor at selected potentials.
1.Introduction
There exists today an ever-increasing demand for fast, selec-
tive, reliable, and, above all, inexpensive analytical methods.
For food products, it is necessary to monitor whether or
not microbial, or some other form of, contamination has
occurred. Furthermore, it is necessary to monitor compli-
ance with given technological procedures and whether the
stated raw materials were used [1] .T h e s er e q u i r e m e n t sp l a c e
very great demands on the analysis of given samples. The
analysis itself should be very fast, suﬃciently sensitive and
accurate, but also inexpensive. To meet these criteria, an
application of electrochemical biosensors seems to be a good
alternative.
Electrochemical biosensors combine two advantages:
speciﬁcity of the enzyme to the given molecule and transfer
of the biochemical signal to an electrochemical signal [2].
As a result, these biosensors are selective in establishing
as p e c i ﬁ cs u b s t r a t e[ 3, 4]. By using these biosensors, it is
possible to determine a large number of substances even in
complex matrices.
Electrochemical biosensors often use redox enzymes
during catalysis of substrate splitting reactions. Most used
redox enzyme’s are oxidases and dehydrogenases. There are
several methods for establishing a substrates concentration.
The most methods often used involve detecting hydrogen
peroxide(aproductofmostoxidases)andnicotinamideade-
nine dinucleotide (NADH) (a product of dehydrogenases)
resulting during the catalytic process. NADH oxidation on
carbon electrodes requires high overvoltage (around 1.0V).
This is a highly unfavorable phenomenon, as the impact
of interferents (e.g., uric acid, ascorbic acid, paracetamol)
that are easily oxidized at a given overvoltage become
most evident at such potentials. High overvoltage can be
suppressed by using a so-called mediator [5–9] that enables
the transfer of electrons between the enzymes active center,
or the product of the enzyme reaction, and the electrodes
surface. As the mechanism of NADH oxidation has not been
fully explained, we have written it according to the generally
recognized mechanism [10], as shown in the formula below
(1):
NADH
−e−
− − → NADH+• −H+
−−→ NAD
• −e−
 NAD+
slow medium fast
(1)
The most important step in preparing a biosensor is that
of enzyme immobilization. Should an inadequate procedure
for enzyme entrapment be chosen, its denaturation, indirect
inactivation, or washing from the electrode may occur. Many2 Enzyme Research
established immobilization techniques are currently used
thatincludephysicalandchemicalimmobilization.Choiceof
enzyme immobilization method depends upon the proper-
ties of the enzyme, type of the mediator, conditions in which
the biosensor is to work, and, last but not least, the physical
propertiesoftheanalyte(orpossiblythesizeofthemolecules
to be determined). Due to its simplicity, immobilization
using electropolymerization [11–14] is one of the most
commonly used techniques. Electropolymerization proceeds
in a buﬀer solution that contains both a certain monomer
and the enzyme itself which will be immobilized. A major
advantage of this technique is the possibility to regulate the
thickness of the membrane formed.
This article describes the preparation, optimization, and
analytical properties of an enzyme biosensor prepared using
thescreen-printingtechnique,modiﬁedbyrhodiumdioxide,
and containing glucose dehydrogenase immobilized in a
layer of m-phenylenediamine (the main reason for this
selection was price of the substance when compared with
analogous o- or p-derivatives). The main advantage of this
biosensor is that it works even at low input potentials,
wherecontributionsfromothereasilyoxidizableorreducible
molecules are negligible.
2. Experimental
2.1. Instrumentation. A modular electrochemical system,
AUTOLAB, equipped with modules PGSTAT 30 and ECD
(Ecochemie,Utrecht,Holand) wasusedin combination with
corresponding software (GPES, Ecochemie).
The ﬂow injection system consisted of a peristaltic pump
(Minipuls 3, Gilson SA., France), a sample injection valve
(ECOM, Ventil C, Czech Republic), and a self-constructed
thin-layer electrochemical ﬂow-through cell. The working
electrode was ﬁxed via rubber gaskets (thickness 0.6mm)
directly to the back plate of the thin layer cell. The reference
electrode was Ag/AgCl/3M KCl (RE-6, BAS, USA), and the
stainless steel back plate represented the counter electrode of
the cell. The responses were evaluated using the peak heights
(diﬀerencesbetweenbackgroundandresponsecurrentofthe
analyte). Corresponding pH values were measured using a
portable pH-meter (CPH 52 model, Elteca, Turnov, Czech
Republic) equipped with a combined glass pH-sensor (OP-
0808P, Radelkis, Budapest, Hungary). The measuring cell
was calibrated using buﬀer solutions of the conventional
activity scale.
2.2. Chemicals, Reagents, and Solutions. Glucose oxidase (EC
1.1.3.4. from Aspergillus niger, speciﬁc activity 198Umg−1;
GOx), glucose dehydrogenase (EC 1.1.1.47 from Pseu-
domonas sp., speciﬁc activity 277 Umg−1; GDH), Naﬁon
(5%m/m solution in lower aliphatic alcohols), nicoti-
namide adenine dinucleotide (NAD+) and its reduced
form (NADH), rhodium dioxide, acetate cellulose (M
∼37000gmoL−1), m-phenylenediamine, glutaraldehyde so-
lution (GA, 50wt. % in H2O), bovine serum albumin (BSA;
5% solution) and pyrrole (98% solution) were purchased
from Aldrich. All other chemicals used for the preparation
of buﬀer, stock, and standard solutions were of analytical
reagent grade and purchased from Lachema (Brno, Czech
Republic).Phosphatebuﬀerwaspreparedbymixingaqueous
solutions of sodium dihydrogenphosphate and disodium
hydrogenphosphate (both 0.1M) to achieve solutions of the
required pH values. The glucose stock solution (2.5gL−1)
waspreparedanddilutedappropriately.Solutionsofascorbic
acid and uric acid (both Aldrich, 50mgL−1) were prepared
immediately before use.
2.3. Electrode Preparation. Carbon ink (0.95g, Gwent
C50905D1, Pontypool, UK) and corresponding catalyst
(0.05g) were thoroughly mixed manually for 5min and
subsequently sonicated for 5min. The resulting mixture
was immediately used for the fabrication of electrodes.
The working electrodes were prepared by screen-printing of
modiﬁed ink onto an inert laser pre-etched ceramic support
(113 × 166 × 0.635mm, no. ADS96R, Coors Ceramics,
Chattanooga,TN,USA).Thick layersof themodiﬁed carbon
ink were formed by brushing the ink through an etched
stencil (thickness 100μm, electrode printing area 105mm2)
with the aid of the spatula provided with the screen-printing
device (SP-200, MPM, Franklin, MA, USA and/or UL
1505A, Tesla, Czech Republic) onto the ceramic substrates.
The resulting plates were dried at 60◦Cf o r2h .
2.4.EnzymeImmobilization. Severaltypesofimmobilization
methods were tested with glucose oxidase, comprising
entrapment in Naﬁon, cross-linking with glutaraldehyde,
immobilization using cellulose acetate, and electropolymer-
ization of pyrrole or m-phenylenediamine. Subsequently, a
GDH enzyme together with cofactor NAD+ were immobi-
lized using the best method, in terms of retaining enzyme
activity, response time, sensitivity, and dynamic range of
concentrations.
2.4.1. Entrapment in Naﬁon. An enzyme (GOx, 1mg) was
dissolved in 20μL of 0.1M phosphate buﬀer (pH 7.5) and
mixed with an equal amount of 0.05%, 0.5%, or 5% Naﬁon
solution neutralized with ammonia to pH ∼7. The resulting
mixture(5μL)wasapplieddirectlyontotheactiveareaofthe
SPCE/RhO2 surface and air-dried for 30min.
2.4.2. Immobilization in Cellulose Acetate. An enzyme (GOx,
1mg) was dissolved in 40μL of 0.1M phosphate buﬀer (pH
7.5), and a volume of 3μL of this solution was applied onto
the active area of the SPCE/RhO2 surface and air-dried.
Subsequently, volumes of 3μL of cellulose acetate solution
in acetone (0.05%, 0.5%, 1.5%, or 3.0%) were applied onto
the aforementioned enzyme layer and dried for 5min.
2.4.3. Cross-Linking with Glutaraldehyde. Volumes of 5, 10
or 20μL of 5% glutaraldehyde (diluted with 0.1M phosphate
buﬀer, pH 7.5) were mixed with 1μLo f5 %B S Aa n dw i t h
35μL, 30μL, or 20μL of the enzyme solution (1mg of GOx
in 0.1M phosphate buﬀer, pH 7.5). After thorough mixing,
av o l u m eo f3μL was applied onto an SPCE/RhO2 and air-
dried for 30min. As a variant, cross-linking of the enzymeEnzyme Research 3
was also performed with GA vapor, whereby a volume of
3μL of the enzyme solution (1mg of GOx in 40μLo f0 . 1M
phosphate buﬀer, pH 7.5) was applied onto the SPCE, air-
dried (30min), and then the SCPE/RhO2 so treated was
enclosed overnight (17 hours) in a vial over 5% GA.
2.4.4. Electropolymerization with Pyrrole. An enzyme solu-
tion (3μL, 1mg of GOx in 40μL of 0.1M phosphate buﬀer,
pH 7.5) was applied onto an SPCE/RhO2. After drying for
30min, the electrode was dipped into the 5mM solution of
pyrrolein0.1mMphosphatebuﬀer,pH6.0.Electropolymer-
ization was performed at +0.75V versus Ag/AgCl for 0.25,
0.5, 1.0, or 2.5min, respectively. Finally, the electrode was
washed with the phosphate buﬀer.
2.4.5. Electropolymerization with m-Phenylenediamine—
GOx. The procedure applied was similar to that described
in the previous paragraph, but, concerning deposition time,
the electrode was polarized in 5mM m-phenylenediamine
for 0.5, 1.0, 5, 10, or 20min, respectively. Additionally,
electropolymerization was performed at +0.75V versus
Ag/AgCl from 5mM m-phenylenediamine GOx solution
(10mL containing 1mg of GOx) for 5min.
2.4.6. Electropolymerization with m-Phenylenediamine—
GDH. Av o l u m eo f3μLo fN A D + solution (3mg in 40μL
of 0.1M pH 7.5 phosphate buﬀer) was applied onto the
SPCE/RhO2 electrode surface. After drying, the surface was
overlayered with GDH solution (3μL, 1mg in 40μLo f
0.1M phosphate buﬀer) and dried for 45min. An electrode
was then dipped into the 5mM solution (10mL) of m-
phenylenediamine in 0.1mM phosphate buﬀer (pH 6.0)
containing the remaining 37μLo fN A D + and 37μLo fG D H
solution, and it was left there for electropolymerization
(5minat+0.75VversusAg/AgCl).Afterwashingwithbuﬀer,
the electrode was prepared for measurements.
2.5. Procedure. Measurements were performed by DC
amperometry using both ﬂow injection and batch arrange-
ments. All operational variables were optimized, that is,
applied potential (from +0.6 to −0.3V versus Ag/AgCl), pH
of phosphate buﬀer (5–9), and ﬂow rate (0.1–1.5mLmin−1).
Responses were evaluated using the peak heights (diﬀerences
between background and response current of the analyte).
Injections of analyte were repeated at least three times.
2.6. Sample Processing. A sample of honey was prepared
by dissolving the given amount of honey (3.4g or 4.4g of
forest honey) in 50mL of 0.1M phosphate buﬀer of pH
7.5. Similarly, a sample of syrup was prepared, that is, 2.9g
of orange-ﬂavored syrup was dissolved in 50mL of 0.1M
phosphate buﬀer of pH 7.5. For analysis, 200μL of the
samples thus prepared were always taken.
3. Results andDiscussion
3.1. Eﬀect of Enzyme Immobilization on Biosensor Response.
Glucose oxidase was chosen as a test enzyme because of its
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Figure 1: Immobilization using Naﬁon. Measurement condition:
input potential −0.2V (versus Ag/AgCl); 0.1M phosphate buﬀer
(pH 7.5); measured with SPCE/RhO2/GOx; analysis in a batch
arrangement; concentration of Naﬁon: 1–0.5%, 2–5%.
stability and sensitivity to glucose [15]. For immobilizing
glucose oxidase, the following methods and substances
were used: immobilization in polymer—Naﬁon or cellulose
acetate; immobilization using cross-linking—glutaraldehyde
and BSA; electropolymerization—pyrrole or phenylenedi-
amine. The entire study devoted to entrapment of the
enzyme was performed in a batch arrangement in a cell with
a volume of 10mL. Selected key factors were monitored for
each system: sensitivity, response time, and dynamic range.
3.1.1. Entrapment in Naﬁon. Figure 1 shows calibration
dependences obtained in immobilization of 0.5% GOx
and 5% Naﬁon. The concentration of 0.05% was not
suﬃcient to properly entrap the enzyme and the enzyme
was shortly washed into the solution, which prevented
further measurements. The dynamic ranges for Naﬁon
concentrations of 0.5% and 5% were almost identical. The
0.5% Naﬁon, however, shows greater sensitivity to glucose
andtheresponsetimeherewastheshortest,hoveringaround
28s.
3.1.2. Immobilization of GOx by Cross-Linking with Glu-
taraldehyde and BSA. This immobilization procedure is
very popular and well-proven for the design of enzyme
electrochemical biosensors, and, therefore, it was included
in this study. Concentrations of 0.625%, 1.25%, and 2.5%
glutaraldehyde were compared here in a mixture with
the enzyme. The possibility for enzyme immobilization
using glutaraldehyde saturated vapors was examined as
well (Figure 2). The response time was shortest in the
case of enzyme immobilization using saturated vapors—
30s. While the response sensitivity to glucose decreased
(poorerpermeabilityoftheanalytetotheenzymeandpoorer
permeability of the metabolic product to the electrode’s
surface) with increasing thickness of the GA layer, the
dynamic range of the setting increased at the same time.4 Enzyme Research
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Figure 2: Immobilization using glutaraldehyde and BSA. Mea-
surement condition: input potential −0.2V (versus Ag/AgCl);
0.1M phosphate buﬀer (pH 7.5); measured with SPCE/RhO2/GOx;
analysis in a batch arrangement; concentration of glutaraldehyde:
1–0.625%, 2–1.25%, 3–2.5%, 4—immobilization with vapour of
glutaraldehyde.
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Figure 3: Immobilization using cellulose acetate. Measurement
condition: input potential −0.2V (versus Ag/AgCl); 0.1M phos-
phate buﬀer (pH 7.5); measured with SPCE/RhO2/GOx; analysis in
a batch arrangement; concentration of cellulose acetate in acetone:
1–1.5% and 2–0.5%.
3.1.3. Immobilization Using Cellulose Acetate. For this study,
solutions at concentration of 0.05%, 0.5%, 1.5%, and 3% of
cellulose acetate in acetone were used. The ﬁrst disadvantage
of this method of biosensor preparation is the need to use
the relatively volatile acetone, which vaporized very quickly
while being pipetted and spread onto the electrodes surface.
This resulted in an uneven distribution of the cellulose
acetate layer. Acetone further dissolved the binder in carbon
ink (of a resin type), which caused partial washing of the
electrode.
Likewise in Naﬁon, the concentration of 0.05% was not
suﬃcient to entrap properly the enzyme and no response to
glucose was thus observed. By contrast, at the concentration
of 3% the response to glucose was observed only for low
concentrations of glucose up to 50mgL−1; there was no
increase in response above this concentration. The crucial
0
0.5
1
1.5
2
2.5
0 500 1000 1500 2000
I
(
µ
A
)
1
2
3
4
Concentration (mgL−1)
Figure 4: Immobilization using electropolymerization with pyr-
role. Measurement condition: input potential −0.2V (versus
Ag/AgCl); 0.1M phosphate buﬀer (pH 7.5); measured with
SPCE/RhO2/GOx; analysis in a batch arrangement; time of elec-
tropolymerization 1–0.5min, 2–1min, 3–0.25min, and 4–2.5min.
disadvantage of this method, however, is its relatively long
response time of 240s. Another problem is the existence of
a very narrow interval for usable concentrations of cellulose
acetate for the enzyme immobilization within a range of
1% (Figure 3)—compared, for example, to Naﬁon with the
choice of 0.5–5.0%.
3.1.4. Immobilization by Pyrrole Electropolymerization. Pyr-
role was polymerized on the electrodes surface for periods
of 0.25, 0.5, 1.0, and 2.5min (Figure 4). The results show
that for the period of 2.5min, a very strong polypyrrole
membrane is created which causes a slow transport of
glucose molecules to the GOx enzyme and subsequently,
the transport of H2O2 to the electrodes surface. This is
evidenced by lower responses to glucose and longer response
time. Another situation occurs for the period of 0.25min.
The enzyme is not suﬃciently entrapped in this case, and,
therefore, it is partially washed into the solution, which
is again shown by very low responses. The best result
was achieved using electropolymerization of pyrrole lasting
0.5min. The responses are the highest here and the response
time of 35s is also acceptable.
3.1.5. Immobilization Using Electropolymerization with m-
Phenylenediamine. The m-phenylenediamine was polymer-
ized onto the electrodes surface for periods of 0.5, 1, 5, 10,
and 20min. Furthermore, GOx was incorporated directly
intothephosphatebuﬀersolutionwithm-phenylenediamine
and the electropolymerization was performed for 5min.
Figure 5 shows that the best response to glucose wasachieved
when the m-phenylenediamine was electropolymerized for
1min. Shorter times were insuﬃcient to entrap the enzyme
into the polymeric membrane. Longer times, however,
created a thicker membrane which slowed the processes,
transporting the analyte to the enzyme and the metabolite
to the electrodes surface, which was similar to the situation
for pyrrole.Enzyme Research 5
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Figure 5: Immobilization using electropolymerization with m-
phenylenediamine. Measurement condition: input potential −0.2V
(versus Ag/AgCl); 0.1M phosphate buﬀer (pH 7.5); measured
with SPCE/RhO2/GOx; analysis in a batch arrangement; time of
electropolymerization 1–1min, 2–10min, 3–5min, 4–0.5min, 5–
5minwithadditionof1mgGOx toelectropolymerization mixture,
and 6–20min.
In the case of electropolymerization with m-phenylene-
diamine together with the enzyme directly in a phosphate
buﬀer solution, the sensitivity was almost the lowest and
the response time was relatively long (100s). However the
dynamic range was greatest in this case
3.1.6. Comparison of the Immobilization Techniques. Table 1
compares the various methods of immobilization. Ideally, a
biosensor should have the shortest-possible response time,
the largest dynamic range of concentrations, and highly
sensitive responses to the given analyte. In practice, however,
it is necessary to compromise and to favour one parameter
over another according to the determination requirements.
Since all the immobilizations listed show rather sensitive
responses to glucose, the decisive criteria are response time
and dynamic range. The most appropriate method can
therefore, be considered the electropolymerization with m-
phenylenediamine,whichwasusedforimmobilizationofthe
glucose dehydrogenase enzyme.
3.2. Determination of Glucose by Glucose Dehydrogenase.
From the methods of immobilization examined, that one
using electropolymerization with m-phenylenediamine was
selected for preparation of the given biosensor. When
working with dehydrogenases, great emphasis must be given
to correctly executing the immobilization, because not only
the enzymes but also their cofactors (NAD+ or NADP+)
are immobilized. These cofactors are soluble in aqueous
solutions and thus they wash rapidly into the solution, and
especially when using ﬂow analysis. The entire procedure
for electrode preparation is described in Section2.4.6 (while
Section 3.1.5 stated that the best response to glucose was
reached where m-phenylenediamine was electropolymerized
for1min,anelectropolymerizationtimeof5minwaschosen
here due to better entrapment of the NAD+ cofactor.)
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Figure 6: Eﬀect of potential on the biosensor response. Measure-
ment condition: glucose concentration 1000mgL−1;b a t c hv o l u m e
200μL;pHofthesupportingelectrolyte7.5;ﬂowrate0.2mLmin−1;
measured on SPCE/RhO2/GDH; analysis in a ﬂow arrangement.
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Figure 7: Eﬀect of interferents on the biosensor response. Mea-
surement condition: ascorbic acid, and uric acid concentrations
10mgL−1; batch volume 200μL; pH of the supporting electrolyte
7.5; ﬂow rate 0.2mLmin−1; measured on SPCE/RhO2/GDH;
analysis in a ﬂow arrangement; 1—ascorbic acid, 2—uric acid.
3.2.1. Eﬀect of the Potential on the Biosensor Response. Input
potential is one of the most important parameters in the
amperometric determination of analytes since its choice
aﬀects the selectivity of the given biosensor. Figure 6 shows
the dependence of response on the operating potential
(dependence of the peak size on the potential was observed
in the range of −0 . 3t o+ 0 . 6 Vv e r s u sA g / A g C li n0 . 1 5 V
intervals). As is visible there, oxidation starts at around
+0.15V and the response increases with the increasing
potential.Oxidationisalsoobservedinthevicinityof −0.3V,
but this response is very low and, therefore, unsuitable for
determination of glucose. In the range of −0.2V to +0.1V,
the biosensor records no catalytic activity. As this shows, the
most appropriate area for determination of glucose is in the
range of +0.15 to +0.6V (taking into consideration the eﬀect
of interferents).
3.2.2. Eﬀect of Interferents on the Biosensor Response. There
can be many interfering substances in the samples (such as6 Enzyme Research
Table 1: Comparison of individual immobilization methods and their parameters.
Type of immobilization Response∗
(μA)
Linearity
(mg L
−1)
Response time
(s)
Naﬁon (0.5%) 1.991 10–200 120
Glutaraldehyde vapors 1.054 10–200 30
Cellulose acetate (1.5%) 1.831 10–200 240
Pyrrole (0.5min) 1.255 50–250 35
m-phenylenediamine (1min) 1.260 10–500 25
∗Measured at glucose concentration of 200mgL−1.
Table 2: Determination of glucose in real sample using SPCE/RhO2/GDH.
Proposed method Reference method
Sample n x ±R [%] n x ±R [%] uu crit
Honey 4 33.84 ±5.63 4 33.97 ±2.16 0.017 0.406
Syrup 4 26.06 ±4.70 4 24.31 ±4.74 0.185 0.406
n:n u m b e ro fm e a s u r e m e n t s ;x:a r i t h m e t i cm e a n ;R:r a n g e ;ucrit and u: critical and calculated values of Lord’s test (selected probability—95%).
0
0.04
0.08
0.12
0.16
0.2
0 0.2 0.4 0.6 0.8 1 1.2
Flow rate (mLmin−1)
I
(
µ
A
)
Figure 8: Eﬀect of ﬂow rate on the biosensor response. Mea-
surement condition: glucose concentration 1000mgL−1;b a t c h
volume 200μL; input potential 0.45V (versus Ag/AgCl); pH of the
supportingelectrolyte7.5;measuredonSPCE/RhO2/GDH;analysis
in a ﬂow arrangement.
blood and food). The most important interferents include
ascorbic acid, uric acid and paracetamol. It has been
observed that all of these are electroactive at the applied
potential of +0.5V, but, in the potential window of −0.2 to
+0.45V, their responses are negligible (Figure 7). For this
reason, potentials in the given range were chosen for further
work.
3.2.3. Eﬀect of Flow Rate and pH on the Biosensor Response.
Flow rate also belongs among the very important parameters
that must be optimized. It was done in the range of
0.1mLmin−1 to 1mLmin−1. Figure 8 shows that the size
of the response decreases with an increasing ﬂow rate. This
is due to the fact that if the ﬂow rate is too high, the
NADH+ on the electrode is not fast enough to react. On
the other hand, at low ﬂow rates, the biosensors response
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Figure 9: Biosensor response to glucose at input potential +0.35V.
Measurement condition: batch volume 200μL; input potential
0.35V (versus Ag/AgCl); pH of the supporting electrolyte 7.5;
ﬂow rate 0.5mLmin−1; measured on SPCE/RhO2/GDH; analysis
in a ﬂow arrangement; regression equation: y = 5.00 × 10
−6x +
0.0129,R2 = 0.991.
is unstable (decrease of the response by 20% over three
determinations). This response instability was probably
caused by passivation of the electrode’s surface. For this
reason, a ﬂow rate ranging from 0.4 to 0.6mLmin−1 seemed
ideal. For other measurements, the ﬂow rate of 0.5mLmin−1
was chosen. That seems to be a good compromise between
buﬀer consumption, response stability, and speed of the
experiment.
Optimization of pH was carried out in the range of 5 to
9. Stable responses were observed at all measured pH values
and the highest was achieved at pH 8, where at the same time
the maximum enzyme activity is seen. For further work, the
pH of 7.5 was chosen because the given pH is close to the
physiological pH and that is optimal for the determination
of biological substances in food and especially in clinical
samples.Enzyme Research 7
3.2.4. Biosensor Response to Glucose. Calibration depen-
dences were measured at two diﬀerent potentials (+0.35V
and +0.45V). At the potential of +0.35V, the biosensor
showed lower responses, but the dynamic range was greater
than at the potential of +0.45V. A big advantage is that at
the input potential of +0.35V, the eﬀects of interferents are
much more suppressed. The proposed biosensor retained its
activity after more than 50 injections. No loss of the original
signal was achieved after 1 month, when stored at 6◦C in the
refrigerator.
3.3. Real Samples. Honey and syrup samples were used
as real analytes. Measurement was performed under these
optimized conditions: input potential +0.35V; batch vol-
ume 200μL; 0.1M phosphate buﬀer pH 7.5; ﬂow rate
0.5mLmin−1in a three-electrode arrangement in the pres-
ence of SPCE/RhO2/GDH, where the enzyme was entrapped
by m-phenylenediamine. The determined concentrations are
shown in Table 2.
TheamperometricdeterminationwithSPCE/RhO2/GOx
was used as a reference method (carbon printed electrode
modiﬁed by glucose oxidase and rhodium oxide—the
enzyme immobilized by Naﬁon). Measurement conditions:
−0.2V (versus Ag/AgCl); phosphate buﬀer pH 7.5; ﬂow rate
0.2mLmin−1;b a t c hv o l u m e5 0μL.
4. Conclusion
A biosensor containing rhodium dioxide and glucose dehy-
drogenase enzyme was prepared using the screen-printing
technique. Various methods of enzyme immobilization were
tested, among which m-phenylenediamine electropolymer-
ization proved the best. It excelled with its response time,
sensitivity, and signal stability. The enzyme biosensor was
optimized and tested in model glucose samples and also
applied to analyze real samples (honey, syrup).
Good results in the determination of glucose in real
samples indicate, among other things, that the biosensor was
notaﬀectedbyanycomplicatedsamplematrix(ascorbicacid
and other oxidizable substances) and has prospects for use
also for similar applications in the food industry and clinical
practice.
Acknowledgments
This paper was supported by the Ministry of Education,
Youth, and Sports of the Czech Republic (project MSM
0021627502) and the Czech Science Foundation (project
203/08/1536).
References
[1] M. Nistor and E. Cs¨ oregi, “Biosensors for food analysis,”
in Encyclopedia of Sensors,C .A .G r i m e s ,C .E .D i c k e y ,a n d
M. V. Pishko, Eds., vol. 1, pp. 353–369, American Scientiﬁc
Publishers, Stevenson Ranch, CA, USA, 2006.
[2] A. P. F. Turner, I. Karube, and G. S. Wilson, Biosensors:
Fundamentals and Applications, Oxford University Press, New
York, NY, USA, 1987.
[3] G. J. Moody, G. S. Sangbera, and J. D. R. Thomas, “Chemically
immobilised bi-enzyme electrodes in the redox mediated
mode for the low ﬂow injection analysis of glucose and
hypoxanthine,” Analyst, vol. 112, no. 1, pp. 65–70, 1987.
[4] H. Okuma, H. Takahashi, S. Sekimukai, K. Kawahara, and
R. Akahoshi, “Mediated amperometric biosensor for hypox-
anthine based on a hydroxymethylferrocene-modiﬁed carbon
paste electrode,” Analytica Chimica Acta, vol. 244, no. 2, pp.
161–164, 1991.
[5] F. Ricci, A. Amine, D. Moscone, and G. Palleschi, “A probe
for NADH and HO amperometric detection at low applied
potential for oxidase and dehydrogenase based biosensor
applications,” Biosensors and Bioelectronics,v o l .2 2 ,n o .6 ,p p .
854–862, 2007.
[ 6 ]M .C .R o d r ´ ıguez and G. A. Rivas, “An enzymatic glucose
biosensor based on thecodeposition of rhodium,iridium,and
glucose oxidase onto a glassy carbon transducer,” Analytical
Letters, vol. 34, no. 11, pp. 1829–1840, 2001.
[ 7 ] P .K o t z i a n ,P .B r´ azdilov´ a, K. Kalcher, and K. Vytˇ ras, “Determi-
nation of hydrogen peroxide, glucose and hypoxanthine using
(bio)sensors based on ruthenium dioxide-modiﬁed screen-
printed electrodes,” Analytical Letters, vol. 38, no. 7, pp. 1099–
1113, 2005.
[8] J. Razumiene, A. Vilkanauskyte, V. Gureviciene et al., “New
bioorganometallic ferrocene derivatives as eﬃcient mediators
for glucose and ethanol biosensors on PQQ-dependent dehy-
drogenases,” Journal of Organometallic Chemistry, vol. 668, no.
1-2, pp. 83–90, 2003.
[9] B. Prieto-Sim´ on, J. Macan´ as, M. Mu˜ noz, and E. F` abregas,
“Evaluation of diﬀerent mediator-modiﬁed screen-printed
electrodes used in a ﬂow system as amperometric sensors for
NADH,” Talanta, vol. 71, no. 5, pp. 2102–2107, 2007.
[10] A. CH. Pappas, M. I. Prodromidis, and M. I. Karayannis,
“Flow monitoring of NADH consumption in bioassays based
on packed-bed reactors bearing NAD-dependent dehydroge-
nases: determination of acetaldehyde using alcohol dehydro-
genase,”AnalyticaChimicaActa,vol.467,no.1-2,pp.225–232,
2002.
[11] H.-Y Chen and J.-J Xu, “Amperometric enzyme biosensors,”
in Encyclopedia of Sensors,C .A .G r i m e s ,C .E .D i c k e y ,a n d
M. V. Pishko, Eds., vol. 1, pp. 145–167, American Scientiﬁc
Publishers, Stevenson Ranch, CA, USA, 2006.
[ 1 2 ]S .A .R o t h w e l l ,C .P .M c M a h o n ,a n dR .D .O ’ N e i l l ,“ E ﬀects
of polymerization potential on the permselectivity of poly(o-
phenylenediamine) coatings deposited on Pt-Ir electrodes for
biosensor applications,” Electrochimica Acta,v o l .5 5 ,n o .3 ,p p .
1051–1060, 2010.
[13] Y. Sha, Q. Gao, B. Qi, and X. Yang, “Electropolymerization
of azure B on a screen-printed carbon electrode and its
application to the determination of NADH in a ﬂow injection
analysis system,” Microchimica Acta, vol. 148, no. 3-4, pp. 335–
341, 2004.
[14] X. G. Li, M. R. Huang, W. Duan, and Y. L. Yang, “Novel mul-
tifunctional polymers from aromatic diamines by oxidative
polymerizations,” Chemical Reviews, vol. 102, no. 9, pp. 2925–
3030, 2002.
[15] P.Kotzian,P.Br´ azdilov´ a,S. ˇ Rezkov´ a,K.Kalcher,andK.Vytˇ ras,
“Amperometric glucose biosensor based on rhodium dioxide-
modiﬁed carbon ink,” Electroanalysis, vol. 18, no. 15, pp.
1499–1504, 2006.